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The major materials challenge facing topological insulators[1-3] is the high residual carrier density 
of the bulk,[4-6] which dominates over the surface state, making it difficult to observe transport 
properties of the surface state in nanoscale devices.  Similar to topological insulators, the 
recently discovered topological crystalline insulators (TCIs)[7-8] such as SnTe suffer from the 
high bulk carrier density that masks the interesting surface states whose protection comes from 
the crystalline symmetry instead of the time reversal symmetry.[7-9]  The high bulk hole carrier 
density of SnTe is due to Sn vacancies.[10-11]  In order to study the surface states of TCIs, 
reducing the bulk carrier density is critical.  One way to reduce the bulk carrier density is by 
making nanostructures, thereby largely removing the bulk.[12-14]  Even in nanostructures 
however, the bulk carrier density is significant.[15]  Recently, it was shown that the surface state 
can be revealed by deliberately making the bulk carrier mobility very low, which effectively 
freezes out the bulk contribution to the electrical transport at low temperature.[16-17]  As a 
consequence, two-dimensional linear magnetoresistance that was sensitive to aging was observed 
in In-doped SnTe nanoplates.[17]   Even in this case however, the residual bulk carrier density 
was still too high for any effective Fermi level tuning via electric field gating to expose only the 
surface states.  Here, we show that by making ternary SnSexTe1-x nanostructures, we can 
decrease the bulk carrier density with increasing Se concentration.  If resulting SnSexTe1-x 
nanostructures are cubic, they should be TCIs because cubic SnSe and SnTe have been 
experimentally shown to be TCIs.[18-23]  However, as orthorhombic SnSe is more stable than 
cubic SnSe,[24] SnSexTe1-x can also be orthorhombic, thus not a TCI.  We systematically map out 
the crystal structure evolution from the desired cubic structure to the unwanted orthorhombic 
structure as a function of the Se/Te ratio. In addition, we show how the temperature-dependent 
ferroelectric phase transition,[25-26] accompanied with the structural change from the high-
temperature cubic to the low-temperature rhombohedral structure, evolves in cubic SnSexTe1-x 
nanoplates as a function of the Se/Te ratio.  Our work represents a materials solution to solving 
the high bulk carrier density in TCIs and provides a pathway for exploring the surface states 
more effectively. 
 
The exotic surface states of a TCI serve as a platform for fundamental scientific studies as 
well as future electronics such as low-dissipation electronics or spintronics.  SnTe, a recently 
discovered TCI,[7-8] is a heavily doped p-type semiconductor.  The bulk hole carriers effectively 
mask the electrical property of the surface states whose carrier density is significantly lower than 
the bulk carrier density.  Recently, a cubic SnSe thin film was grown on Bi2Se3 by molecular 
beam epitaxy and shown to be a TCI and n-type semiconductor.[18]  Therefore, we propose to 
synthesize ternary SnSexTe1-x nanoplates in which, at the right alloy composition of x, the carrier 
density of the nanoplate will be minimum, thus revealing the surface states.  As long as the 
ternary structure is cubic, SnSexTe1-x should remain as a TCI because the topological protection 
comes from the crystalline symmetry.[7]  The alloying strategy to reduce the bulk carrier density 
has been effectively demonstrated in the topological insulator alloy, (BixSb1-x)2(SeyTe1-y)3, where 
Sb2Te3 and Sb2Se3 are heavily p-type doped while Bi2Te3 and Bi2Se3 are heavily n-type 
doped.[27-28]  Because Bi2Te3, Bi2Se3, and Sb2Te3 are topological insulators,
[3] it was found that 
(BixSb1-x)2(SeyTe1-y)3 is also a topological insulator for a large range of x and y.
[29]  One caveat 
for the SnSexTe1-x alloy in our case is that a stable structure of SnSe is orthorhombic, not 
cubic.[18, 24]  Thus, we must confirm that the SnSexTe1-x alloy nanostructure is cubic to ensure 
that it remains as a TCI.  
 
We grow SnSexTe1-x alloy nanostructures by chemical vapor deposition using gold metal 
catalyst.  A mixture of orthorhombic SnSe and cubic SnTe powders with a controlled molecular 
ratio of SnSe to SnTe is used as the source powder.  SiO2/Si substrates decorated with gold 
particles were used as growth substrates.  Detailed growth procedure can be found in 
Experimental Section.  The structure and chemical composition of the alloy nanostructures were 
characterized by transmission electron microscopy (TEM) and energy dispersive X-ray 
spectroscopy (EDX), as shown in Figure 1.  Figure 1(a) – (f) correspond to a SnSe0.2Te0.8 
nanoplate with xnominal=0.2 indicating the nominal ratio. The EDX spectrum (Figure 1(g)) clearly 
shows co-presence of Se and Te in this nanostructure.  We decompose the EDX spectrum into 
the reference spectra of SnSe and SnTe to calculate the real composition, xEDX, in SnSexTe1-x 
(Supplementary Figure S1), which is measured to be 0.122 in this case (Figure 1(g)).  The high 
angle annular dark field scanning TEM (HAADF STEM) image (Figure 1(a)) shows a 90 ° angle 
between two sides of the nanoplate (the red dashed lines), indicating that this is cubic.  This is in 
agreement with the diffraction pattern (Figure 1(e)) and the high resolution TEM image (Figure 
1(f)) that show cubic symmetry with 90 ° angles between diffraction spots and lattice fringes, 
respectively.  X-ray diffraction (XRD) also confirms that the structure is cubic for SnSe0.2Te0.8 
(Figure 2(a)).  Elemental maps (Figure 1(b-d)) indicate a homogeneous distribution of Te and Se 
within the SnSe0.2Te0.8 nanoplate and show no segregation of either SnTe or SnSe.  For the 
elemental mapping, we chose non-overlapping high energy peaks for Se (11.2 keV) and Te (27.4 
keV).  
 
When the nominal x is greater than 0.3, we find that the nanoplates are either single-
crystalline cubic or single-crystalline orthorhombic.  Figure 1(h)-(m) show an orthorhombic 
SnSe0.5Te0.5 (0.5 indicates the nominal ratio).  Se and Te are again evenly distributed based on 
the elemental maps (Figure 1(i)-(k)).  Unlike the cubic SnSexTe1-x however, the HAADF STEM 
image (Figure 1(h)) shows that the angle between the two sides of the plate is ~ 88 °, slightly less 
than 90 °.  This is confirmed by electron diffraction (Figure 1(l)) and a high resolution TEM 
image (Figure 1(m)), in which the angles of the diffraction spots and lattice fringes deviate from 
the 90 ° red dashed lines.  This is in agreement with orthorhombic SnSe, which has a facet angle 
of ~88°.[24, 30] The orthorhombic stucture of this nanoplate is due to the high Se concentration; 
the measured xEDX is 0.42, confirmed by the EDX fitting in Figure S1(c).  We note that the Se/Te 
ratio, or the value of x, can be systematically controlled by tuning the mixture ratio of SnSe and 
SnTe powders.  Figure 1(o) shows the linear correlation between the nominal ratio xnominal we put 
in and the actual ratio xEDX we measure in corresponding SnSexTe1-x nanoplates by EDX.  Each 
point is an average value from several nanoplates with the error bar indicating the standard 
deviation.  Figure 1(n) shows respective EDX spectra of SnSexTe1-x with increasing xnominal of 0, 
0.1, 0.2, 0.3, 0.4, 0.5, and 1 (shown in more detail in Figure S2).  The decomposition analysis to 
calculate xEDX is shown in Supplementary Figure S1. We find the actual ratio is slightly less than 
the nominal ratio, likely due to different vapor pressures of SnSe and SnTe during growth. 
 
With the increasing Se content, xnominal, we find that the SnSexTe1-x structure changes 
from the desired cubic structure which ensures a TCI phase to the unwanted orthorhombic 
structure with the critical Se content, xc, of ~ 0.3.  Below xnominal of 0.3, all SnSexTe1-x nanoplates 
are cubic.  Above xnominal of 0.3, the growth substrate containing SnSexTe1-x nanoplates shows a 
mixture of the cubic and orthorhombic phase.  This was characterized by XRD.  Figure 2 shows 
XRD patterns of SnSexTe1-x for xnominal = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 1.  The XRD pattern from 
the pure SnSe (bottom XRD curve in dark-yellow in Figure 2(a)) matches the reference 
orthorhombic structure (Powder Diffraction File Card #00-048-1224, bottom dark-yellow bars) 
while the pure SnTe XRD pattern (top XRD curve in black) shows the reference cubic phase 
(Powder Diffraction File Card #00-046-1210, top dark bars).  With x increasing up to 0.3, the 
XRD data obtained from the growth substrates show only the cubic phase, whose peaks are 
marked by the vertical dashed lines.  The lattice constant systematically decreases with 
increasing x, as shown by the systematic shift in the (200), (220), (222), and (400) diffraction 
peaks of the cubic SnTe phase with reference to the vertical dashed lines.  When xnominal is 
greater than 0.3, the XRD patterns from the growth substrates show mixture of the cubic and 
orthorhombic phases due to individual plates either being in the cubic or orthorhombic phase. 
The two phases can easily be distinguished from optical images by measuring the facet angle 
between two sides of the nanoplate, which is 90 ° for the cubic structure and slightly less than 
90 ° for the orthorhombic structure (Figure 2(c) and (d)). 
 
From the analysis of the XRD patterns, we extract lattice constants of the cubic phase of 
SnSexTe1-x as a function of xnominal.   Figure 2(b) shows the systematic decrease in the lattice 
constant of the cubic SnSexTe1-x with increasing xnominal.  This lattice constant was obtained from 
analyzing and averaging peak positions of (200), (220), (222) and (400). The decrease is 
expected as the cubic SnSe has a smaller lattice constant than the cubic SnTe.    We note that the 
critical Se content xnominal at which the orthorhombic phase appears depends also on the growth 
substrate tempearature.  For lower growth substrate temperature, the orthorhombic phase appears 
at lower xnominal, indicating the orthorhombic structure is more stable (summarized in 
Supplementary Figure S3).  Supplementary Figure S4 shows the phase diagram of SnSexTe1-x  
nanoplates on the growth substrates from the cubic to the orthorhombic phase as a function of the 
Se concentration x and substrate temperature. 
 
We measure the carrier density of the SnSexTe1-x nanoplates as a function of xnominal, as 
shown in Figure 3 from Hall bar measurements.  Typical Hall bar devices on cubic and 
orthorhombic nanoplates are on shown in Figure 2(c,d).  Temperature-dependent resistance (R-
T) and Hall data of pure SnTe and SnSe nanoplates are shown in Figure 3(a,b) and 3(k,l), 
respectively.  As reported previously, pure SnTe nanoplates are heavily p-type doped[15] and the 
average carrier density is 3.7×1021  cm-3 at 1.8 K. In contrast, SnSe nanoplates exhibit 
semiconducting behavior as evidenced by the increasing R at lower T (Figure 3(k)).  The Hall 
measurements of four SnSe devices show the average carrier density of SnSe is 2.7×1017 cm-3 at 
room temprature and decreases dramatically with decreasing temperature.  Interestingly, our 
orthorhombic SnSe nanostructures are p-type while the MBE grown cubic SnSe thin film on 
Bi2Se3 was n-type.
[18]  With increasing x in SnSexTe1-x, the Hall slope at 1.8 K systematically 
increases from 0.35 Ω change over 9 T for SnSe0.1Te0.9 to 0.57 Ω, 78 Ω, and 117 Ω changes over 
9 T for xnominal = 0.2, 0.4, and 0.5 respectively.  The corresponding carrier densities are 1.6×1021 
cm-3, 9.1×1020 cm-3, 2.9×1018 cm-3, and 1.9×1018 cm-3, clearly showing the systematic decrease 
in the carrier density with increasing x.  Summary of the transport data as a function of x is 
presented in Table 1 and Figure S5. The systematic control of the carrier density change 
observed in SnSexTe1-x is similar to the results for Bi2(SexTe1-x)3 and (SbxBi1-x)2Te3 
nanoplates.[28, 31]  In contrast to the systematic change of the carrier density with x, mobility 
decreases significantly for the ternary nanoplates compared to SnTe (Table 1 and Supplementary 
Figure S5).    
 
The structural transition from the cubic to the orthorhombic phase in SnSexTe1-x at x=0.3 
can also be observed in the electrical tranport data.  We note a kink, marked by purple arrows, is 
observed in the R-T curves in Figure 3 (a, c, e) when x < 0.3 (Device #1, #2, #3), which indicates 
the structural phase transition from the cubic to rhombohedral phase at low temperature, in 
agreement with previous reports for cubic SnTe.[32-33]  In contrast, for x > 0.3 (Device #4, #5, 
#6), the R-T behavior shows no kinks and increases at low temperatures, suggesting that the 
Fermi level must be close to the band edge or in the gap (Figure 3(g, i, k)).   The continuous 
increase in R without saturation at low temperatures may indicate the absence of the surface 
states, which are not expected in the orthorhombic nanoplates. The purple dashed line between 
Figure 3(e) and 3(g) is drawn to show the transition of the two different structures. 
 
For SnTe, a structural phase transition from the high temperature cubic to the low 
temperature rhombohedral structure is known to occur, which is accompanied with a 
ferroelectric phase transition.[33-34]  This has been observed in the bulk crystal study as well as in 
the SnTe nanoplate study.[15] The structural phase transition is manifested as a kink in the 
temperature-dependent resistivity.   In the SnSexTe1-x cubic nanoplates, we observe a systematic 
trend in the phase transition as a function of xnominal, as shown in Figure 4.  Figure 4(a) shows 
temperature-dependent resistance normalized to the resistance at 1.8K for Device #1 (x=0), 
Device #2, #2a, #2b (xnominal=0.1), and Device #3, #3a, #3b, #3c (xnominal=0.2).  For pure SnTe 
(Deivce #1), we see a clear kink, indicated by the arrow.  For SnSexTe1-x however, instead of a 
sharp kink at a singular temperature value, we observe a broad peak in resistance, which spans 
over tens of degrees in temperature.  To highlight the differences, we plot dR/dT, shown in 
Figure 4b (more details in Figure S6 (a)). We make a number of observations.  First, we see a 
peak around 48 K (Tdown) in dR/dT curves that are independent of the Se content, xnominal.  The 
peak broadens for higher xnominal, indicated by the blue shaded boxes that denote the starting 
point of the transition (Tup).  The width of the peak, ΔT=Tup-Tdown, increases with increasing 
xnominal.  These parameters are summarized in the bottom part of Table1. We denote Tup as the 
starting point of the structural transition from the cubic phase to the rhombahedral phase and 
Tdown as the ending point.   The ferroelectric phase transition of the cubic SnTe is related to the 
carrier density according to the soft transverse optical phonon model.[33, 35-36]   We plotted 
Tup and ΔT as a function of xnominal and carrier density n in Figure 4(c) and (d) respectively 
and found that both Tup and ΔT have a linear relation with xnominal rather than n. This results 
show that the compositional change is the dominant effect, similar to phase transition 
temperatures in Pb1-xGexTe,[25, 37] Ge1-xSnxTe,[26, 38] and Pb1-xSnxTe[39] ternary 
compounds.  Because the cubic SnSe has a higher phase transition temperature than the cubic 
SnTe,[40] the transition temperature of SnSexTe1-x is between that of SnSe and SnTe, and 
increases with the increasing Se content. For SnSexTe1-x, Figure 4(c) represents the first phase 
diagram from the cubic to the rhombahedral structure.  We attribute the increasing width of the 
structural transition, ΔT, to the increasing disorder[41] in SnSexTe1-x with xnominal although 
the exact microstructural origin is unclear at present.  More details about the phase diagram are 
shown in Figure S6(b). 
 
We have demonstrated that the carrier density of the ternary SnSexTe1-x nanoplates can 
be systematically decreased with increasing Se content.   This material alloying strategy presents 
an effective solution to lower the bulk residual carrier density which often masks the surface 
states in TCIs.  We also found that with increasing Se content, the growth products, SnSexTe1-x 
nanoplates, can either be cubic or orthorhombic.  When xnominal < 0.3, all SnSexTe1-x 
nanoplates are cubic, which ensures that they are TCIs.  When xnominal >0.3, SnSexTe1-x 
nanoplates can be either cubic or orthorhombic.  Distinguishing the two structures is 
straightforward by measuring the facet angles between the two sides of the nanoplates in optical 
images, which is 90 ° for the cubic structure and less than 90 ° for the orthorhombic structure.  
The cubic to rhombohedral structural transition is also observed for cubic SnSexTe1-x where the 
starting point of the structural transition increases with the increasing x.  This is consistent with 
previous observations in Pb1-xGexTe, Ge1-xSnxTe, and Pb1-xSnxTe alloys.  Moreover, we 
observe that the structural transition occurs gradually for the alloy, which is attributed to the 
increasing disorder in the alloy system in which the Se and Te are randomly occupying the sites.  
These distinct electrical properties in the SnSexTe1-x alloy nanoplates can provide a new 
strategy to realize electronic and spintronic devices based on the TCI. 
 
 
Experimental Section 
Synthesis of SnSexTe1-x: SnSexTe1-x nanoplates were synthesized using a tube furnace with a 1 
inch horizontal tube.  SiOx/Si substrates decorated with Au particles were used as growth 
substrates.  A mixture of SnSe and SnTe powders was placed at the center of the furnace at 
600 °C while the growth substrates were placed at downstream in the temperature range of 300– 
510 °C(Supplementary Figure S3).  The temperatures for the four growth substrates were 
510 °C, 440 °C, 370 °C, and 300 °C, respectively.  Argon gas was used as the carrier gas with 
the flow rate of 80 sccm and the pressure of ~1 Torr during growth.  The furnace was ramped to 
the growth temperature in 30 minutes and kept at the growth temperature for 10 minutes, before 
the natural cool down.  Visual inspection with an optical microscope was sufficient to distinguish 
the cubic nanoplates from the orthorhombic nanoplates. 
Characterizations: The synthesized nanoplates were characterized structurally using 
transmission electron microscopy (TEM, FEI Tecnai Osiris 200 keV) and X-ray diffraction 
(Rigaku SmartLab Diffractometer with Cu Kα radiation (λ=1.54Ȧ) at the Center for Research on 
Interface Structures and Phenomena (CRISP)).  Electron diffraction patterns and high-resolution 
TEM images were obtained to analyze the cubic and the orthorhombic phase.  Energy-dispersive 
X-ray spectroscopy (EDX) equipped in the TEM was used to calculate the composition of 
SnSexTe1-x. 
Device Fabrication and Transport Measurement: Nanoscale devices on SnSexTe1-x nanoplates 
were fabricated following the standard e-beam lithography (Vistec EBPG 5000+).  10nm/200nm 
Cr/Au metal contacts were deposited by thermal evaporation (MBraun MB-EcoVap 4G).  Before 
metallization, the contact areas were etched with Ar plasma for Ohmic contact. Physical Property 
Measurement System (Quantum Designs, Dynacool) was used to measure the electrical transport 
properties of SnSexTe1-x nanodevices in temperatures down to 1.8 K and magnetic fields up to 9 
T. All the Hall curves were measured at 1.8 K except for pure SnSe, which was measured at 
room temperature. 
 
 
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
 
Acknowledgements 
This work was supported by Department of Energy Basic Energy Science, Award No. DE-
SC0014476.  J. S. was partly supported by NSF DMR 1402600.  Microscopy facilities used in 
this work were supported by the Yale Institute for Nanoscience and Quantum Engineering 
(YINQE) and MRSEC DMR 1119826. 
 
 
 
 
[1] M. Z. Hasan, C. L. Kane, Rev. Mod. Phys. 2010, 82, 3045. 
[2] X.-L. Qi, S.-C. Zhang, Rev. Mod. Phys. 2011, 83, 1057. 
[3] H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, S.-C. Zhang, Nature Phys. 2009, 5, 438. 
[4] J. G. Analytis, J.-H. Chu, Y. Chen, F. Corredor, R. D. McDonald, Z. X. Shen, I. R. 
Fisher, Phys. Rev. B 2010, 81, 205407. 
[5] J. Navrátil, J. Horák, T. Plecháček, S. Kamba, P. Lošt’ák, J. S. Dyck, W. Chen, C. Uher, 
J. Solid State Chem. 2004, 177, 1704. 
[6] Y. S. Hor, A. Richardella, P. Roushan, Y. Xia, J. G. Checkelsky, A. Yazdani, M. Z. 
Hasan, N. P. Ong, R. J. Cava, Phys. Rev. B 2009, 79, 195208. 
[7] L. Fu, Phys. Rev. Lett. 2011, 106, 106802. 
[8] T. H. Hsieh, H. Lin, J. Liu, W. Duan, A. Bansil, L. Fu, Nat. Commun. 2012, 3, 982. 
[9] Y. Ando, L. Fu, Annual Rev. Conden. Matt. Phys. 2015, 6, 361. 
[10] H. T. Savage, B. Houston, J. R. Burke, Phys. Rev. B 1972, 6, 2292. 
[11] N. Wang, D. West, J. Liu, J. Li, Q. Yan, B.-L. Gu, S. B. Zhang, W. Duan, Phys. Rev. B 
2014, 89, 045142. 
[12] J. Shen, J. Cha, Nanoscale 2014, 6, 14133. 
[13] J. J. Cha, K. J. Koski, Y. Cui, physica status solidi (RRL) – Rapid Research Letters 2013, 
7, 15. 
[14] M. Safdar, Q. Wang, M. Mirza, Z. Wang, K. Xu, J. He, Nano Lett. 2013, 13, 5344. 
[15] J. Shen, Y. Jung, A. S. Disa, F. J. Walker, C. H. Ahn, J. J. Cha, Nano Lett. 2014, 14, 
4183. 
[16] Z. Ren, A. A. Taskin, S. Sasaki, K. Segawa, Y. Ando, Phys. Rev. B 2010, 82, 241306. 
[17] J. Shen, Y. Xie, J. J. Cha, Nano Lett. 2015, 15, 3827. 
[18] Z. Wang, J. Wang, Y. Zang, Q. Zhang, J.-A. Shi, T. Jiang, Y. Gong, C.-L. Song, S.-H. Ji, 
L.-L. Wang, L. Gu, K. He, W. Duan, X. Ma, X. Chen, Q.-K. Xue, Advan. Mater. 2015, 27, 4150. 
[19] J. Liu, W. Duan, L. Fu, Phys. Rev. B 2013, 88, 241303. 
[20] Y. Tanaka, Z. Ren, T. Sato, K. Nakayama, S. Souma, T. Takahashi, K. Segawa, Y. Ando, 
Nat. Phys. 2012, 8, 800. 
[21] Y. Tanaka, T. Shoman, K. Nakayama, S. Souma, T. Sato, T. Takahashi, M. Novak, K. 
Segawa, Y. Ando, Phys. Rev. B 2013, 88, 235126. 
[22] S.-Y. Xu, C. Liu, N. Alidoust, M. Neupane, D. Qian, I. Belopolski, J. D. Denlinger, Y. J. 
Wang, H. Lin, L. A. Wray, G. Landolt, B. Slomski, J. H. Dil, A. Marcinkova, E. Morosan, Q. 
Gibson, R. Sankar, F. C. Chou, R. J. Cava, A. Bansil, M. Z. Hasan, Nat. Commun. 2012, 3, 1192. 
[23] P. Dziawa, B. J. Kowalski, K. Dybko, R. Buczko, A. Szczerbakow, M. Szot, E. 
Łusakowska, T. Balasubramanian, B. M. Wojek, M. H. Berntsen, O. Tjernberg, T. Story, Nat. 
Mater. 2012, 11, 1023. 
[24] L.-D. Zhao, S.-H. Lo, Y. Zhang, H. Sun, G. Tan, C. Uher, C. Wolverton, V. P. Dravid, 
M. G. Kanatzidis, Nature 2014, 508, 373. 
[25] G. A. Antcliffe, R. T. Bate, D. D. Buss, Solid State Commun. 1973, 13, 1003. 
[26] J. N. Bierly, L. Muldawer, O. Beckman, Acta Metallurgica 1963, 11, 447. 
[27] J. Zhang, C.-Z. Chang, Z. Zhang, J. Wen, X. Feng, K. Li, M. Liu, K. He, L. Wang, X. 
Chen, Q.-K. Xue, X. Ma, Y. Wang, Nat. Commun. 2011, 2, 574. 
[28] D. Kong, Y. Chen, J. J. Cha, Q. Zhang, J. G. Analytis, K. Lai, Z. Liu, S. S. Hong, K. J. 
Koski, S.-K. Mo, Z. Hussain, I. R. Fisher, Z.-X. Shen, Y. Cui, Nature Nanotechnol. 2011, 6, 705. 
[29] A. A. Taskin, Z. Ren, S. Sasaki, K. Segawa, Y. Ando, Phys. Rev. Lett. 2011, 107, 
016801. 
[30] S. Zhao, H. Wang, Y. Zhou, L. Liao, Y. Jiang, X. Yang, G. Chen, M. Lin, Y. Wang, H. 
Peng, Z. Liu, Nano Research 2015, 8, 288. 
[31] J. J. Cha, D. Kong, S.-S. Hong, J. G. Analytis, K. Lai, Y. Cui, Nano Lett. 2012, 12, 1107. 
[32] I. Ortalli, Ferroelectrics 2011, 54, 325. 
[33] K. L. I. Kobayashi, Y. Kato, Y. Katayama, K. F. Komatsubara, Phys. Rev. Lett. 1976, 37, 
772. 
[34] S. Katayama, D. L. Mills, Phys. Rev. B 1980, 22, 336. 
[35] S. Sugai, K. Murase, Y. Katayama, S. Takaoka, S. Nishi, H. Kawamura, Solid State 
Commun. 1977, 24, 407. 
[36] E. F. Steigmeier, G. Hearbeke, Solid State Commun. 1970, 8, 1275. 
[37] D. K. Hohnke, H. Holloway, S. Kaiser, J. Phys. Chem. Solids 1972, 33, 2053. 
[38] R. Clarke, Phys. Rev. B 1978, 18, 4920. 
[39] S. Takaoka, K. Murase, Phys. Rev. B 1979, 20, 2823. 
[40] H. Wiedemeier, H. G. von Schnering, Zeitschrift fur Kristallographie 1978, 148, 295. 
[41] I. Grinberg, V. R. Cooper, A. M. Rappe, Nature 2002, 419, 909. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 1. Structural characterization of SnSexTe1-x nanoplates for 0 ≤ x ≤ 1.  (a) High-angle 
annular dark field STEM image of SnSe0.2Te0.8.  xnominal of 0.2 represents the nominal ratio. 
Chemical maps of (b) Sn, (c) Te, and (d) Se, which show uniform distribution of all elements.  
(e) Diffraction pattern of the SnSe0.2Te0.8 nanoplate shows cubic symmetry with a 90° angle 
between the spots, confirming the cubic phase.  (f) High-resolution TEM image that shows 
lattice fringes with a 90° angle between two fringe directions.  (g) EDX spectrum used to 
calculate the Se/Te ratio. The red curve in the inset shows the fitting result of xEDX=0.122, which 
gives good agreement with the data (black curve). The presence of Cu is from the Cu TEM grid.  
(h) High-angle annular dark field STEM image of SnSe0.5Te0.5.  Chemical maps of uniformly 
distributed (i) Sn, (j) Te, and (k) Se.  (l) Diffraction pattern of the SnSe0.5Te0.5 shows off-cubic 
symmetry where the angle between the two primary axes of the diffraction spots is slightly less 
than 90°.   (m) High-resolution TEM image shows that the two lattice fringe directions are not at 
90°, but less than 90°, indicating the orthorhombic phase.  (n) EDX spectra of SnSexTe1-x with 
varying x.  The Se peak systematically increases while the Te peak decreases with increasing x. 
(o) Linear correlation between the nominal ratio xnominal and the measured ratio xEDX in the 
SnSexTe1-x nanoplates. All the red dashed lines show 90° angles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2. X-Ray Diffraction of SnSexTe1-x for 0 ≤ x ≤ 1.  (a) X-ray diffraction patterns for 
xnominal = {0, 0.1, 0.2, 0.3, 0.4, 0.5 & 1}. Reference peak positions for cubic SnTe and 
orthorhombic SnSe are shown at the top and bottom axes, respectively.  Vertical dashed lines 
indicate (200), (220), (222), and (400) planes of cubic SnTe. (b) Systematic decrease in the 
lattice constant as a function of the Se concentration xnominal for the cubic phase SnSexTe1-x.   The 
lattice constants for the cubic SnTe (red) and the cubic SnSe (blue) are shown for comparison.  
(c) Orthorhombic SnSexTe1-x nanoplate which shows a facet angle less than 90° between two 
sides, marked by the red dotted lines.  (d) Cubic SnSexTe1-x nanoplate which shows a 90° facet 
angle between two sides, marked by the red dashed lines.  These two nanoplates have been made 
into hall bars, with the Cr/Au contacts.  
 
 
 
 
 Figure 3. Transport properties of SnSexTe1-x for 0 ≤ x ≤ 1.  Temperature-dependent resistance 
and Hall resistance of cubic SnTe Device #1 (a,b); SnSe0.1Te0.9 Device #2 (c,d); SnSe0.2Te0.8 
Device #3 (e,f); and orthorhombic SnSe0.4Te0.6 Device #4 (g,h); SnSe0.5Te0.5 Device #5 (i,j); 
SnSe Device #6 (k,l).  For xnominal < 0.3, the resistance decreases with decreasing temperature and 
shows a kink that is related to the structural transition to the rhombohedral phase.   For xnominal > 
0.3, the resistance increases with decreasing temperature, indicating either the Fermi level is 
close to the band edge or in the bulk gap.  The Hall slope systematically increases with 
increasing x, indicating decrease in the carrier density with increasing x. The purple arrows in 
(a), (c) and (e) show the phase transition from the cubic to rhombohedral phase at low 
temperature. All the Hall curves were obtained at 1.8 K, except for SnSe shown in (l), which was 
measured at room temperature. Transport data of Device#1 is from Ref [15]. 
 
 
 
 
 
 Figure 4. Structural transition from the cubic phase to the rhombohedral phase with temperature 
for cubic SnSexTe1-x nanoplates (Device #1 - #3).  (a) Normalized resistance curves as a function 
of temperature show a kink for SnTe and broad peaks for SnSexTe1-x, which indicates structural 
transition from the high-temperature cubic phase to the low-temperature rhombohedral phase.  
The normalized resistance curves were plotted with decreasing Se concentration xnominal (thus 
increasing carrier density) from top to bottom.  (b) dR/dT of the same devices shown in panel (a).  
The structural transition appears to end at the same temperature of ~ 48 K, indicated by the 
vertical dashed line.  The start of the structural transition depends on the Se concentration, 
xnominal, as indicated by the shaded cyan boxes.  The dR/dT curves were plotted with decreasing 
Se concentration xnominal (thus increasing carrier density) from top to bottom.  (c) and (d) show 
the starting point (Tup, black squares) and the width of the transition (ΔT, red dots) versus the Se 
concentration xnominal and the carrier density n, respectively.  The linear relation between the 
transition temperature and the composition ratio, xnominal, shown in (c) agrees with the previous 
reports on GeTe-SnTe and PbTe-SnTe materials. Peak broadening observed in SnSexTe1-x is 
attributed to the disorder, although the detailed mechanism is unknown.  No clear linear relations 
can be observed between the transition temperature and the carrier density, as shown in (d), 
suggesting that the carrier density may not affect the transition significantly. 
Table 1. Summary of electrical transport properties of SnSexTe1-x nanoplates for 0 ≤ x ≤ 1. The 
parameters of SnSe devices, Device #6, are measured at room temperature because Fermi level 
in these devices is close to the band gap and the devices are insulating at 1.8K. The top part of 
the table shows the average carrier density (?̅?) and the average mobility (?̅?) from several devices 
with the same alloy ratio. The bottom part of the table contains all the parameters of devices 
shown in Figure 4. 
 
Cubic SnSexTe1-x is expected to be a topological crystalline insulator whose surface states are 
protected by crystal symmetry.  SnSexTe1-x nanoplates with 0 ≤ x ≤ 1 are synthesized in the cubic 
and orthorhombic phase to show systematic decrease of the bulk carrier density with increasing 
x.  Ferroelectric phase transition is also observed in these nanoplates. 
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Supplementary Figure S1.  Reference EDX spectra of SnSe (a) and SnTe (b). The blue and 
green arrows in the insets point to the Se and Te peaks respectively. (c) shows the EDX spectrum 
of the SnSe0.5Te0.5 (xnominal=0.5), shown in Figure 1(h-m).  The red line is a fit to the data, which 
gives xEDX of 0.422.  The value of xEDX was obtained by fitting the spectrum with the linear 
combination of the SnTe and SnSe reference spectra. Cu and Ni in the EDX spectra are from the 
Cu and Ni TEM grids. 
 
 
 
 Supplementary Figure S2.  EDX spectra of SnSexTe1-x for increasing x.  The Se peak 
systematically increases while the Te peak decreases with increasing x. 
  
 Supplementary Figure S3.  (a) Growth schematic figure. (b) X-ray diffraction patterns of 
SnSexTe1-x of different substrate temperatures for the same nominal ratio of 0.2.  The substrate 
temperature also influences the structure even for the same value of xnominal.  Substrate 1 (S1) was 
placed at the highest temperature of 510 °C while Substrate 4 (S4) was placed at the lowest 
temperature of 300 °C.  The orthorhombic phase is more prominent at lower temperature 
substrates (S4).  
  
 Supplementary Figure S4.  (a) Schematic of the cubic versus orthorhombic phase diagram as a 
function of the Se concentration in SnSexTe1-x and the substrate temperature. (b) A summary 
table of the phase diagram.  Numbers indicate the ratio of the cubic peak at 28.2° to the 
orthorhombic peak at 30.7° from XRD data.  “0” indicates only the cubic structure while “1” 
indicates only the orthorhombic structure.  The phase diagram shown in (a) is plotted based on 
these numbers.   
  
 Supplementary Figure S5. Carrier density and mobility of SnSexTe1-x nanoplates for 0 ≤ x ≤ 1.  
The carrier density (black) decreases systematically for increasing Se concentration, xnominal.  The 
mobility (red) drops dramatically for the alloy nanoplates. Squares indicate the cubic structure 
while the circles indicate the orthorhombic structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Supplementary Figure S6. (a) shows the R/R(1.8 K) and dR/dT of Device #3 as a function of 
temperature, which reflects the gradual transition from the cubic to the rhombohedral phase of 
Device #3, SnSe0.2Te0.8. (b) shows the phase diagram from the cubic to the rhombohedral phase 
with temperature (y-axis) and alloying composition, xnominal (x-axis).  Blue represents the cubic 
structure while purple represents the rhombohedral structure. 
 
 
